Gastrointestinal cancers have become increasingly prevalent worldwide. Previous studies have reported an oncogenic function of Rab1A in colorectal cancer and hepatocellular carcinomas via the mTOR pathway. However, the exact role of Rab1A in gastrointestinal cancers remains elusive. We detected significantly higher expression of Rab1A in the gastrointestinal tumor tissues compared to that in other cancer types following an in silico analysis of TGCA and GTEX databases. Furthermore, Rab1A was overexpressed in the gastrointestinal tumor tissues compared to the para-tumor tissues. Although Rab1A expression levels were not associated with the tumor-lymph node-metastasis (TNM) stage, Rab1A overexpression in the tumor tissues of a gastric cancer (GC) cohort was strongly correlated with poor prognosis in the patients. In addition, Rab1A knockdown significantly inhibited the in vitro proliferation and migration abilities of GC cells, as well as the growth of GC xenografts in vivo. Furthermore, a positive correlation was observed between Rab1A expression levels and that of different upstream/downstream mTOR targets. Taken together, Rab1A regulates the PI3K-AKT-mTORC1 pathway through the mTORC1 complex consisting of mTORC1, Rheb and Rab1A, and is a promising therapeutic target in GC.
Expression levels of Rab1A in different TNM stages of gastrointestinal cancers. As described above, Rab1A expression levels were aberrantly high in the cholangio carcinoma, pancreatic adenocarcinoma, stomach adenocarcinoma, colon adenocarcinoma, rectum adenocarcinoma and liver hepatocellular carcinoma tissues, with cholangio carcinoma and pancreatic adenocarcinoma showing the most significant difference between the tumor and paired normal tissues. To further elucidate the relevance of Rab1A in gastrointestinal cancers, we analyzed its levels at the different TNM stages using the TCGA and GTEX databases, but found no obvious differences between early and advanced TNM stages ( Fig. 2A) . In sum, these results obtained from the TCGA and GTEX databases revealed that in various tumor stages (T stage), Rab1A expression in cholangio carcinoma, pancreatic adenocarcinoma, stomach adenocarcinoma, colon adenocarcinoma, rectum adenocarcinoma and liver hepatocellular carcinoma tissues was higher than paired controls. In contrast, compare the early and advanced gastrointestinal relevant cancer, Rab1A expression was not statistically different.
To determine any prognostic role of Rab1A in the gastrointestinal cancers, we next assessed the overall survival in cholangio carcinoma, pancreatic adenocarcinoma, stomach adenocarcinoma, colon adenocarcinoma, rectum adenocarcinoma and liver hepatocellular carcinoma patients demarcated on the basis of Rab1A expression. According to a recent study, approximately 70% of gastrointestinal tumors are positive for Rab1A 10 . Consistent with this, we classified the patients into the Rab1A negative and positive groups using the lower quartile of Rab1A expression level as the threshold. We found that lower Rab1A levels correlated with better survival and a favorable prognosis in liver hepatocellular carcinoma (P = 0.021) and pancreatic adenocarcinoma (P = 0.016), while high Correlation between Rab1A levels and mTOR targets in gastrointestinal cancers. Since high Rab1A levels attenuate survival, and Rab1A is an activator of mTORC1, we also analyzed the correlation between its expression status in all gastrointestinal cancers and the upstream (HER2, EGFR and AKT), downstream (S6K) and crosstalk (GLI1) targets of mTOR. Findings from TCGA and GTEX databases revealed no correlation between Rab1A and GLI1 levels in stomach adenocarcinoma, while that of HER2, EGFR, AKT, mTOR and S6K were significantly correlated with Rab1A (P < 0.05) (Fig. 2B) . In addition, all 7 gastrointestinal cancers studied showed a significant association between Rab1a and mTOR expression levels (P < 0.05). Furthermore, Rab1A was associated with S6K levels in 7 cancers, with Gli1 in 2 cancers, AKT in 7 cancers, HER2 in 2 cancers, and with EGFR in 6 cancers (Table 1) . Taken together, the factors upstream and downstream of mTOR are potential targets of Rab1A in gastrointestinal cancers, and therefore may have a therapeutic relevance. www.nature.com/scientificreports www.nature.com/scientificreports/ Rab1A overexpression correlates with poor prognosis in GC patients. To further confirm any prognostic relevance of the aberrantly high levels of Rab1A in various gastrointestinal cancers, we analyzed the in situ Rab1A expression in paired tumor and adjacent normal tissues in GC patients. Rab1A expression was significantly higher in GC tissues compared to the para-cancer tissues in the entire patient cohort (P < 0.001) (Fig. 3B) , and the OS of the Rab1A hi group was considerably lower compared to that of the Rab1A lo patients (P < 0.001) (Fig. 3C) . Thus, Rab1a overexpression in GC is correlated to worse survival and prognosis of the patients, which is consistent with the results obtained from TCGA and GTEX databases.
Rab1A expression correlates with that of mTOR targets in human GC cell lines. To further explore the relationship between mTOR targets and Rab1A in GC, we knocked down Rab1A in the MKN45 and MGC803 cells using the specific shRNA (Fig. 4A,B) , and analyzed the expression levels of HER2, p-AKT, p-S6K and GLI1. Interestingly, the p-S6K and GLI1 levels decreased significantly after Rab1A knockdown (P < 0.05, Fig. 4B ), while no significant changes were observed in HER2 and p-AKT expression (P > 0.05, Fig. 4B ). Furthermore, knocking down AKT significantly downregulated p-mTOR and GLI1 (P < 0.05, Fig. 4C ), but had no effect on the SMO levels (P > 0.05, Fig. 4C ). To explore a possible feedback loop between p-AKT and GLI1, we 
Rab1A depletion inhibits GC progression in vivo.
To validate the in vitro neoplastic effects of Rab1A overexpression, we established GC xenografts in nude mice. Briefly, 5 × 10 6 MKN45 GC cell transfected with control-shRNA or Rab1A-shRNA were implanted in the mice that were then monitored for 35 days. The mice treated with the Rab1A-knockdown GC cells weighed slightly more compared to those inoculated with the control GCs (P > 0.05, Fig. 6A ). However, the Rab1A-knockdown tumors grew significantly slower compared to the control GC tumors, and showed less fluctuations in weight (P < 0.01, Fig. 6B,C) . Interestingly, the Rab1A-knockdown tumors were also significantly lighter compared to the control (P < 0.05, Fig. 6D ). Furthermore, it indicated the body weight without tumor weight treated with Rab1A depletion was significant heavier than the control group mice, which reached an obviously difference (P < 0.05, Fig. 6E ). Taken together, Rab1A depletion retarded GC tumor growth in mice, indicating that it acts as an oncogene in GC progression.
Discussion
Cancer is one of the most urgent and costly public health concerns worldwide, and causes more deaths compared to cardiovascular diseases. The gastrointestinal cancers in particular are highly prevalent and associated with high mortality rates 15 . Although the different therapeutic modalities against gastrointestinal cancers have advanced significantly, the prognosis of patients remains relatively poor due to distant metastasis and severe drug-resistance 16 . Thus, it is vital to identify novel therapeutic targets in order to improve the survival of the patients with gastrointestinal cancers.
Rab1A is a small GTPase that regulates ER-to-Golgi vesicular transport 17, 18 . Recent studies show that Rab1A acts as an oncogene and is overexpressed in various cancers [19] [20] [21] , especially those affecting the gastrointestinal system, such as colorectal cancer 5 , gastric cancer 22 , hepatocellular carcinomas etc. 23, 24 . Rab1A is an mTORC1 activator, through which it also regulates the PI3K-AKT-mTORC1 pathway. In the present study, we analyzed Rab1A expression levels in multiple gastrointestinal cancers using TCGA and GTEX databases. Compared to other cancers, the gastrointestinal types, especially CRC, showed significantly increased expression of Rab1A. Furthermore, Rab1A levels were significantly higher in cholangio carcinoma and pancreatic adenocarcinoma, and moderately higher in the stomach adenocarcinoma, colon adenocarcinoma, rectum adenocarcinoma and liver hepatocellular carcinoma tumors compared to their respective paired normal tissues. This strongly indicated that Rab1A likely acts as an oncogene in most, in not all, gastrointestinal cancers 25 . Previous studies have reported that Rab1A overexpression is closely associated with tumor size and T stage 21 , which indicated a possible influence of Rab1A on the TNM stage as well. However, we did not observe any obvious changes in Rab1A expression between the early and advanced TNM stages in the above cancers. Recent studies have also correlated Rab1A overexpression with poor prognosis in several gastrointestinal cancers, such www.nature.com/scientificreports www.nature.com/scientificreports/ as CRC and GC 5, 22 . Consistent with these reports, we observed that lower Rab1A expression indicated better prognosis in liver hepatocellular carcinoma and pancreatic adenocarcinoma. Furthermore, increased expression levels of Rab1A resulted in slightly poor overall survival in esophageal carcinoma and colon adenocarcinoma patients. To validate the database findings, we analyzed in situ Rab1A expression in the tumor and para-tumor tissues of GC patients, and not only observed aberrantly high levels of Rab1A in the former, but also a significant correlation between its overexpression and worse 5-year survival.
S6K is the main downstream target of mTORC1, and a mechanistic link between Rab and p-S6K was first reported by Li et al. in 2010 26 . Recent studies have further established Rab1A as an activator of mTORC1 in CRC, prostate cancer and HCC 5, 11, 27 , and also shown a crosstalk between mTOR/S6K1 and Gli1 [28] [29] [30] . To confirm the mechanism underlying Rab1A-mediated regulation of the AKT-mTORC1 pathway, we analyzed the correlation between the expression levels of Rab1A and the different mTOR targets. A significant association was observed between Rab1a and mTOR expression levels in all gastrointestinal cancers studied herein. In addition, Rab1a was correlated to S6K in 7 cancers, Gli1 in 2 cancers, AKT in 7 cancers, HER2 in 2 cancers, and EGFR in 6 cancers. These findings suggested that mTOR-related factors are also linked to Rab1A, and thus potential therapeutic targets in gastrointestinal cancers. Furthermore, p-S6K and GLI1 levels decreased significantly in human GC cell lines after knocking down Rab1A, while that of HER2 and p-AKT were unaffected. Furthermore, p-mTOR and GLI1 expression was also significantly reduced after AKT knockdown, while no significant change was observed in SMO expression levels. Finally, p-AKT and SMO levels were also unaffected by GLI1 knockdown. The putative regulatory circuit between Rab1A and the mTOR targets is illustrated in Fig. 7 , which shows that Rab1A regulates the PI3K-AKT-mTORC1 pathway through the mTORC1 complex consisting of mTORC1, Rheb and Rab1A.
Recent reports indicate that Rab1A significantly promotes the growth and progression of several gastrointestinal cancers 5, 11, 31 , although a direct mechanistic role in GC has not been reported so far. To confirm the influence of Rab1A on GC, we knocked down its expression in two human GC cell lines. In vitro proliferation and migration abilities of the GC cells were significantly inhibited in the absence of Rab1A, and the xenografts of the Rab1A-knockdown GC cells also grew slower in vivo. These findings clearly showed that Rab1A is essential for GC tumor growth and metastasis, and that silencing Rab1A expression can result in a survival benefit. In conclusion, pharmacological inhibition of Rab1A is a promising targeted therapeutic strategy against GC. www.nature.com/scientificreports www.nature.com/scientificreports/ conclusion The novel finding of our study was that Rab1A is overexpressed in gastrointestinal cancers. Although not associated with the TNM stage, Rab1A overexpression significantly correlates with poor prognosis in GC patients. In addition, a positive correlation was observed between Rab1A expression levels and that of upstream/downstream mTOR targets, indicating that it influences the PI3K-AKT-mTORC1 pathway through the mTORC1 complex consisting of mTORC1, Rheb and Rab1A. Rab1A knockdown significantly abrogated GC cell growth in vitro and inhibited tumor progression in vivo, indicating a novel therapeutic target against gastrointestinal cancers. www.nature.com/scientificreports www.nature.com/scientificreports/ the tissue samples. We declare that the method involving humans was performed in accordance with the relevant guidelines and regulations. And staining intensity was scored according to Yang et al. 32 .
Methods

Patients, tissue specimens and immuno-histochemical staining (IHC)
Short hairpin RNA transfection of human gastric cancer cell line. MKN45 and MGC803 lines were stably transfected with lentiviral constructs expressing Rab1A-specifc shRNA or scrambled control-shRNA. The shRNAs were synthesized by Gene Pharma (Shanghai, China). The cells were transfected with shRab1A or control-shRNA using Lipofectamine 2000 according to the manufacturer's instructions, and selected with puromycin 72 hour later. Rab1A knockdown in the stable cell line was validated by fluorescence microscopy and Western blotting as described in our previous study 33 .
Protein extraction and western blotting. Whole protein extracts from MKN45 and MGC803 were obtained by lysing the cells for 30 min in ice-cold RIPA buffer (Beyotime Inc., NanTong, China) as per the manufacturer's protocol. Equal amount of protein per sample were separated by SDS-PAGE and transferred to nitrocellulose membranes. After blocking with 5% non-fat milk for 1 hour at room temperature, the blots were incubated overnight with the polyclonal primary antibodies, followed by the conjugated second antibodies for 1 hour at room temperature. The bands were developed by chemiluminescence and quantified by ImageJ software as previously described 34 .
MTT assay. Cell viability was measured using an MTT assay kit (Amresco, USA) as per the manufacturer's instructions. Briefly, the MTT solution was added to the cultured cells, and following incubation at 37 °C for 4 hours, the supernatants were removed and the formazan crystals were dissolved in 150 μl DMSO. The color was allowed to develop for ten minutes, and the absorbance was measured at 490 nm. The experiment was repeated three times, and the method has been described in our previous study 34 .
Cell migration assay. The in vitro migration of the cells was tracked using a 24-well transwell plate (Corning Incorporated, USA). Briefly, the cells were seeded into the upper chambers in serum-free RPMI 1640, and the lower chamber was filled with complete RPMI 1640 supplemented with 10% FBS. After 24 h of culture, the cells that had migrated through the membrane were stained with 0·5% crystal violet and counted. The rate of migration was quantified by counting the number of cells in five random fields per sample as previously described 35 .
Xenograft establishment. Male nude mice (BALB/c, SPF grade, weighing 16-18 g and 3-5 weeks old)
were purchased from Shanghai SLRC laboratory Animal Co (Shanghai, China). The mice were subcutaneously injected with 5 × 10 6 GC cells that were respectively transfected with control-shRNA or Rab1A-shRNA. The two groups nude mice were individually marked (n = 3 mice per group) after 3 days of feeding according to the weight and the day was recorded as 0.
The tumor bearing mice were sacrificed on day 35, and the tumors were resected for further analysis. We declare that the method involving mice was performed in accordance with the relevant guidelines and regulations. The animal experiments were approved by the Animal Ethics Committee of the Suzhou Municipal Hospital (Suzhou, China), and have been described in our previous study 33 
.
Statistical analysis. Data of all assays were expressed as the means ± S.E.M of three independent experiments. The overall survival was determined by the Kaplan-Meier method and compared by the log-rank test. The IHC results were analyzed by the Chi-squared test and the staining score means of two groups were compared by the t-test. P < 0.05 was considered statistically significant.
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